In this work electromagnetic properties of a new type of graphene nanoparticles are investigated. The particles consist of graphene circular and square rings, embedded in a dielectric environment. The electromagnetic behavior in terms of resonant frequency position, magnitude and amplitude width for the absorption cross-section and the near electric field distribution are evaluated. Moreover, the influence of the geometrical parameters is also evaluated. The electromagnetic analysis is derived through proper full-wave numerical simulations. Numerical results show that the nanoparticles can be successfully used for the development of future graphene-based antennas operating in the TeraHertz Band.
Introduction
In the last few years several researchers have been involved in graphene nanoparticles-based devices development, paving the way for new engineering applications. Graphene, for its unusual electrical, thermal and mechanical properties [1] , has given rise to be a potential application for high speed transistor [2] , solar cells [3] and for biomedical applications [4] . Furthermore, a particularly promising emerging field is graphene-enable wireless communications. At these frequencies, metallic antennas of few micrometers are not a good solution because the resonant frequency is obtained at higher frequencies (i.e. in infrared and optical regions). Instead, electromagnetic properties of graphene material with dimensions of a few micrometers present the possibility to obtain a resonant frequency in the TeraHertz band, and high radiation efficiency [5] . Therefore, several researchers have investigated novel designs of nanoparticles, and all these results will prove useful in the design of future graphene-based nanoparticles for wireless nanoscale communications. For example, in [6] the authors investigate common shapes of graphene nanoparticles (i.e., rectangular and circular geometries) in TeraHertz band. They conclude that the absorbing cross section presents maximum values when the electric field polarization of the incident plane wave is tangential to the antenna's surface, and minimum values when this polarization is normal.
In this paper we present a numerical analysis of a new type of graphene nanoparticles. The particles consist of graphene circular and square rings, embedded in a dielectric environment. Compared to the classical square and circular geometries it will show the possibility to obtain a multi resonant behavior or a larger bandwidth of the absorbing cross section by varying the geometrical parameters of such nanoparticles.
The article is structured as follows: in Section 2 we present the model of the graphene nanoparticles and the full-wave numerical analysis. All the results are calculated by means of the commercial software CST studio suite [7] . Through specific numerical models, we analyze the absorbing cross-section and the near electric field distribution. Then, in Section 3 we show that the absorption of these particles, can be optimized by varying the geometrical parameters. Finally, conclusions are drawn at the end of the paper.
Graphene-Based Nanoparticles
In this Section, the electromagnetic properties of a new type of graphene nanoparticles are investigated. The proposed geometries consist of graphene circular and square rings embedded in a dielectric environment. The structure is excited by a plane-wave, having the electric field E parallel and the propagation vector k perpendicular to the plane containing the particle as depicted in Figure 1 .
Specifically, the nanostructure electromagnetic properties in terms of absorption cross-sections (C abs ) and the near electric field distribution at the resonant frequency, are evaluated. The considered geometrical parameters are shown in Figure 1 . They are: the inner radius r 1 , outer radius r 2 , the semi-length of inner square l 1 , the semilength of outer square l 2 .
Although the thickness of single layer of graphene is approximately 34 nm in this work we consider a multilayer graphene nanoparticles according to [8] . Therefore, in our study we have assumed the thickness equals to 300 nm that allows to obtain a significant intensification of the absorption cross-section spectra compared to the single layer case.
In order to study their resonant properties the following assumptions are stated: • The particle sizes are much smaller than the operative frequency. In this way, the particles can be considered "electrically small". Therefore their resonant behavior can be studied in terms of quasi-staticapproximation. The lambda/dimension ratio equals to 12.
• The particle is homogeneous and the surrounding dielectric environment is a homogeneous and non-absorbing medium. Let's point out some relevant aspects concerning the present work:
• For graphene nanoparticles, Drude model of the complex permittivity function has been used [9] .
• The surrounding dielectric medium is considered to be vacuum according to [10] .
In this study we do not investigate the effects of different surrounding dielectric mediaon the nanoparticle electromagnetic response that are already reported in several studies [10] [11] . 
Electromagnetic Properties of Ring Graphene Nanoparticles
We have designed the geometrical parameters of the nanoparticles in order to obtain the electromagnetic response in the TeraHertz band. More specifically, as shown in Figure 2 we have assumed the following geometrical parameters for the proposed nanoparticles: the inner radius r 1 = 3000 nm, outer radius r 2 = 4000 nm, the semi-length of inner square l 1 = 3000 nm, the semi-length of outer square l 2 =4000 nm. The thickness of the particles equals to 300 nm. As shown in Figure 2 , the ring particles allow to obtain an additional resonant frequency (peak II-3 THz for a circular ring and 3.2 THz for a square ring) compared to the classical square and circular particles (peak I-0.8 THz), which is in the range of the wavelength for wireless nano-communications. In addition to this, Figure 3 shows the near electric field intensification at the resonant frequency (peak II), and how the electromagnetic field is distributed on the nanoparticle surface.
In order to optimize the structure for specific applications, it is necessary to know the dependence of the electromagnetic response to the variation of geometrical parameters. Therefore in the following Section we analyze the effect of the geometrical parameters in the absorption cross-section spectra.
Effect of the Geometrical Parameters
The nanoparticles electromagnetic properties are highly dependent on the size and shape. Therefore, in this section the effect of the geometrical parameters on the nanoparticle resonant behavior is studied.
The absorption cross-section spectra presented in Figure 4 show an example of the effects of the geometrical parameters variation on graphene ring nanoparticles response. In particular, by decreasing the inner radius r 1 (a) (b) Figure 2 . Absorption cross-section spectrum for (a) circular ring with r 1 = 3000 and r 2 = 4000, and (b) square ring with l 1 = 3000 and l 2 = 4000. In Figure 5 a comparison between the spectra of square and circular ring graphene nanoparticles is reported. As previously analyzed in [6] , also for the ring particles the square shapes allow to obtain a higher magnitude compared to the circular one.
The above parametric analysis of the resonant response of graphene nanoparticles could be used to design wireless nanosystems in the TeraHertz band.
Conclusion
In this paper, a new type of graphene nanoparticles has been presented. The particles are constituted of graphene circular and square rings, embedded in a dielectric environment. The electromagnetic properties of the proposed particles have been shown in terms of absorption cross-section spectra and near electric field distribution. Extensive numerical analysis has been conducted through full-wave simulations. Furthermore, it was shown the possibility to obtain a multi resonant behavior or a large bandwidth of the absorbing cross-section spectrum by . Absorption cross-section spectra for circular ring (green color) with r 1 = 3000 and r 2 = 4000 and square ring (red color) with l 1 = 3000 and l 2 = 4000.
varying the geometrical parameters of graphene nanoparticles. Numerical results confirm that the proposed particles could be efficiently applied for wireless communications in the TeraHertz band.
